All nine species of marine phytoplankton tested (a cyanobacterium: Synechococcus sp., three diatoms: Chaetoceros simplex, Thalassiosira oceanica and Skeletonema costatum, two prymnesiophytes: Pleurochrysis carterae and Isochrysis galbana, a prasinophyte: Tetraselmis sp., a green alga: Dunaliella tertiolecta, and a dinoflagellate: Amphidinium carterae) were able to decompose hydrogen peroxide in the dark. Since these phytoplankton species can be found widely in a variety of marine sub-environments, this indicates that the dark decomposition of hydrogen peroxide by phytoplankton is a general phenomenon in the oceans. The decomposition rates were first order with respect to the concentration of hydrogen peroxide and biomass. The second-order rate constants for these nine species of phytoplankton ranged between 2 × 10 -4 and 2.7 × 10 -2 µg Chl-a -1 1 h -1 . Synechococcus sp. and S. costatum were the most efficient, while P. carterae and D. tertiolecta were the least efficient decomposers. While the magnitudes and patterns in the changes were species-dependent, in general, increasing salinity, temperature, the presence of light and the depletion of nutrients enhanced the decomposition of hydrogen peroxide. The effect of growth phase was small. 
Introduction
Hydrogen peroxide is a reactive transient that can be found rather ubiquitously in the surface waters of the oceans at concentrations of 10 1 -10 2 nM (Zika et al., 1985; Palenik and Morel, 1988; Johnson et al., 1989; Weller and Schrems, 1993; Moore et al., 1993; Petasne and Zika, 1997; Hanson et al., 2001) . The sources of hydrogen peroxide in the marine environment are reasonably well documented. The major ones are in situ photochemical production (Cooper and Zika, 1983; Cooper et al., 1988; Wong and Wong, 2001 ), atmospheric deposition (Zika et al., 1982; Cooper et al., 1987; Hanson et al., 2001 ) and biological production (Palenik and Morel, 1988) . Among these three, in situ photochemical production is the most dominant overall source. There must also be corresponding sinks, as elevated concentrations of hydrogen peroxide can have deleterious effects on biological systems. For example, at sufficiently high concentrations, hydrogen peroxide can cause damage to cell membranes, mutagenesis and the bleaching of chlorophyll (Ananthaswamy and Einstark, 1976; McCormick et al., 1976; Dixit et al., 1982; Lawlor, 1987) . Even at its natural concentrations, hydrogen peroxide can still affect the marine ecosystem indirectly by modifying the speciation of trace elements. Through the peroxide-oxygen and peroxide-water half reactions, hydrogen peroxide possesses both oxidizing and reducing properties. In general, it acts as an oxidizing agent under acidic conditions and as a reducing agent under basic conditions. Under the mildly basic condition of seawater, it can behave in both fashions (Zafiriou,1983; Zafiriou et al., 1984; Moffett and Zafiriou, 1990) . In the process, it affects the redox speciation of a number of ecologically important trace elements, including iron (Moffett and Zika, 1987; Millero and Sotolongo, 1989; King and Farlow, 2000) , copper (Moffett and Zika, 1987; Sharma and Millero, 1989; Millero et al., 1991) , chromium (Pettine and Millero, 1990; Pettine et al., 1991) and arsenic (Pettine and Millero, 2000) . The speciation of these trace elements affects their biological availability and/or toxicity and, thus, their influence on the behavior of the marine ecosystem.
The sinks of hydrogen peroxide in the oceans have not been as well studied as its sources. The contribution from its chemical auto-decomposition is minimal to negligible (Szymszak and Waite, 1988; Cooper et al., 1994) . The contribution from a photochemical decomposition is larger than that from auto-decomposition, but it is still insufficient to account for the decomposition rates observed in natural waters (Moffett and Zafiriou, 1990) . The major sink of hydrogen peroxide has long been suspected to be its biologically mediated decomposition (Cooper and Zepp, 1990; Cooper et al., 1994) ; Moffett and Zafiriou (1990) reported that almost all the decomposition of hydrogen peroxide in the Vineyard Sound could be attributed to the enzymatic activities of catalase and peroxidase. Less is known about the exact organisms that are responsible for the reaction. In fresh water, several algae have been shown to have the ability to induce the decomposition of hydrogen peroxide (Zepp et al., 1987) . Recently, Petasne and Zika (1997) reported that, qualitatively, six species of marine phytoplankton and one marine bacterium also possess the ability to decompose hydrogen peroxide to varying degrees. Here, we report a more comprehensive and quantitative study on the ability of nine phylogenetically diverse species of marine phytoplankton, including both oceanic and coastal species, to decompose hydrogen peroxide and how the process may be affected by environmental conditions.
Materials and methods

Phytoplankton cultures
Nine species, representing seven major phylogenetic groups, of phytoplankton were used as test organisms (Table  1 ) . Five of these species were isolated from the oceanic environment (a cyanobacterium, Synechococcus sp. (CCMP 1334), two diatoms, Chaetoceros simplex (CCMP 199) and Thalassiosira oceanica (CCMP 1005), and two prymnesiophytes, Pleurochrysis carterae (CCMP 649) and Isochrysis galbana (CCMP 1323)). The remaining four were representative of near-shore species (a prasinophyte, Tetraselmis sp. (CCMP 896), a green alga, Dunaliella tertiolecta (CCMP 1320), a diatom, Skeletonema costatum (CCMP 1332), and a dinoflagellate, Amphidinium carterae (CCMP 1314)). Axenic cultures of these phytoplankton species were obtained from the Provasoli-Guillard Center for Culture of Marine Phytoplankton, Bigelow Laboratory, Boothbay Harbor, ME, USA. Stock cultures were maintained in an f/2 medium (Guillard and Ryther, 1962) prepared with Sargasso Sea surface water. The salinity of the medium was 30. Cells were harvested at the late log growth phase, as indicated by the in vivo fluorescence, for the experiments.
Instruments and methods
Prior to each experiment, an aliquot of a stock culture was first pre-conditioned in the dark for 2-3 h in the f/2 medium. In order to minimize the initial background concentration of hydrogen peroxide, the cells were concentrated and washed twice with a fresh f/20 medium before an aliquot was finally inoculated into the incubation bottle containing an f/20 medium. (The slow centrifugation, decantation and resuspension employed in the washing cycles did not affect the growth of the phytoplankton. The cells could assimilate 14 Clabeled bicarbonate equally well before and after a washing cycle.) In order to avoid any catalytic effect of trace metals on the chemical auto-decomposition of hydrogen peroxide, no trace metal was added to the f/20 culture medium. The medium was prepared with surface Sargasso Sea water that had been filtered through an A/E glass fiber filter and aged in the dark for 2 months so that any residual hydrogen peroxide would have decayed away. It was re-filtered through a 0.2 µm Nuclepore filter just before use in order to remove any bacteria that might have been present. The residual concentration of hydrogen peroxide in the medium thus prepared could be maintained at below the detection limit of 5 nM. The incubation bottles were amber high density polyethylene bottles, and the experiments were conducted in a dimly lit room at 23°C. About 900 nM of hydrogen peroxide were added to the culture. Then, sub-samples were drawn from the incubation bottle at the beginning of the incubation period for the determination of chlorophyll-a and at regular time intervals for up to 8 h for the determination of hydrogen peroxide. In most cases, readily detectable concentration changes of over 100 nM occurred within the first 3 h of incubation. The short durations of these experiments insured that the behavior of the organism reflected the conditions in which it was pre-conditioned before it was inoculated into the final f/20 incubation medium. The added hydrogen peroxide should not have altered the behavior of the organisms. The concentration used was within the range found in marine waters. Concentrations of at least up to 2000 nM did not alter the growth curve, as indicated by changes in in vivo fluorescence, of Synechococcus sp. and S. costatum. In control experiments, cells killed with heat at 60°C and with poisons, using sodium azide and formaldehyde, were similarly incubated. Furthermore, filtrates of cell suspensions filtered through a 1 µm filter, to remove the cells, and through a 0.45 µm filter, to remove the cells and most bacteria, were similarly added to the culture medium and incubated in the presence of added hydrogen peroxide. There was no observable decomposition of hydrogen peroxide in any of the controls. This indicates that the decomposition of hydrogen peroxide in the cultures with living phytoplankton cells was caused by the presence of the phytoplankton alone.
Hydrogen peroxide was determined fluorometrically by the scopoletin-horseradish peroxidase (HRP) method (Holm et al., 1987; Zhang and Wong, 1999) by measuring the HRP-mediated bleaching of the fluorescence of scopoletin by hydrogen peroxide with a Perkin Elmer model 650-10S fluorescence spectrophotometer. The detection limit of the method was about 5 nM. The precision of the method was ±5% or ±5 nM, whichever was larger. For the determination of chlorophyll-a, an aliquot of the culture solution was filtered through a GF/F glass fiber filter. The cells retained on the filter were analyzed for chlorophyll-a fluorometrically by the method of Strickland and Parsons (1972) by using a Turner Model 10-AU fluorometer.
Results and discussion
Kinetics and species dependence of the dark production of hydrogen peroxide
The concentration of hydrogen peroxide in the cultures of all nine species of phytoplankton tested decreased with time. Thus, all of them can mediate the decomposition of hydrogen peroxide. This suggests that the decomposition of hydrogen peroxide by marine phytoplankton is a common phenomenon. The time courses of change of the concentration of hydrogen peroxide in the cultures of Synechococcus sp. and S. costatum are shown in Fig. 1 . The concentration of hydrogen peroxide decreased exponentially with time. Two primary factors that govern the rate of decomposition are the concentration of hydrogen peroxide and the biomass. The decomposition of hydrogen peroxide by S. costatum and Synechococcus sp. was followed at different concentrations of added hydrogen peroxide at a fixed concentration of chlorophyll-a. The relationships between the initial decomposition rate during the first 30 min of incubation, R 0 in nM h -1 , and the initial concentration of hydrogen peroxide, C 0 in nM, are shown in Fig. 2 . In both cases, they were linearly related to each other with correlation coefficients, r 2 , exceeding 0.98. Thus, dC/dt a C, where C is the concentration of hydrogen peroxide at time t.
The decomposition of hydrogen peroxide by these two phytoplankton was also followed at different biomasses, M, as represented by the concentrations of chlorophyll-a in µg Chl-a l -1 , at a fixed initial concentration of hydrogen peroxide. At each concentration of chlorophyll-a, the time course of change in the concentration of hydrogen peroxide could be described by first-order kinetics so that − dC/dt = SC (1) where S is the first order total decomposition rate constant in h -1
. Thus,
where C 0 is again the initial concentrations of hydrogen peroxide. S was estimated from a linearly least square fit of ln (C/C 0 ) versus t. For both S. costatum and Synechococcus sp., S was linearly related to M (Fig. 3 ) with correlation coefficients of 1.00. Thus, aC/at a M. Zepp et al. (1987) reported that the decomposition of hydrogen peroxide by freshwater algae follows second-order kinetics overall, first order with respect to the concentration of hydrogen peroxide and first order with respect to algal biomass. The marine phytoplankton followed the same trend, so that the complete rate law for the time course of change in the concentration of hydrogen peroxide can be given as:
where k d is the specific decomposition rate constant for a unit biomass in L g Chl-a -1 1 h -1 . Thus,
The time courses of change of the concentration of hydrogen peroxide generated from this model in the cultures of Synechococcus sp. and S. costatum are also shown in Fig. 1 . They can account for the observed changes in concentration well, as the deviations of the model-generated values from the observed values fell mostly within the analytical uncertainties. The relationships between ln (C/C 0 ) and t for all nine species of phytoplankton tested and the best fit lines for each of these relationships are shown in Fig. 4 . The correlation coefficients of all these relationships were higher than 0.98. The specific decomposition rate constants estimated from these relationships are listed in Table 1 . Their values stretched over two orders of magnitude, ranging from 10 -4 to 10 -2 µg Chl-a
. From this range of values of the specific decomposition rate constant, these nine species of phytoplankton may be subdivided into three groups, with specific decomposition rate constants that were about one order of magnitude apart. Synechococcus sp. and S. costatum were the most efficient decomposers, with k d exceeding 1 × 10 -2 µg Chl-a -1 l h -1
. The specific decomposition rate constants of five of the remaining seven phytoplankton species, namely, Tetraselmis sp., C. simplex, I. galbana, T. oce- anica and A. carterae, bunched within a narrow range of 1 × 10 -3 to 4 × 10 -3 µg Chl-a -1 l h -1 . They were the moderately efficient decomposers. For the remaining two species, P. carterae and D. tertiolecta, the specific decomposition rate constants were less than 5 × 10 -4 µg Chl-a -1 l h -1
. They were the least efficient decomposers. Petasne and Zika (1997) also found that Synechococcus sp., with a rate constant of 3.51 × 10 10 cell l -1 h -1
, was the most efficient decomposer among the six species of marine phytoplankton that they tested. Kana and Glibert (1987) reported that the concentration of chlorophyll-a in Synechococcus sp. varies with light intensity within the range of 1-5 × 10 -9 µg Chl-a -1 1 h. At these concentrations of chlorophyll-a in the cells, the rate constant reported by Petasne and Zika (1997) corresponded to a specific decomposition rate constant of 10 -1 µg Chl-a -1 l h -1
. Considering the differences in the exact experimental conditions and set up and the possible natural biological variabilities, the agreement between this study and theirs was quite reasonable. Both oceanic and coastal species were represented in all three groups of decomposers (Table 1) . Thus, the decomposition of hydrogen peroxide by phytoplankton was neither confined to nor preferred in either one of these two marine sub-environments. Using values of the specific decomposition rate constant of 5 × 10 -4 to 10 -2 µg Chl-a -1 1 h -1
, at typical concentrations of chlorophyll-a of 0.5 and 5 µg l -1 , respectively, in the open oceanic and the coastal environments, the half-lives of hydrogen peroxide in these two sub-environments can be estimated to be 140-2800 and 14-280 h, respectively. Based on direct field observations, Petasne and Zika (1997) reported halflives of 120 h in the oligotrophic Gulf Stream and 30-110 h in coastal waters. The estimated values could account for the observed values in the coastal waters quite well. In the oligotrophic waters, the observed value was at the lower end of the estimated range. In the laboratory experiments, the cells were pre-conditioned in an f/20 medium, and the concentrations of the nutrients in such a medium were still orders of magnitude higher than those found in oligotrophic waters. Thus, these results might not have been fully representative of the situation in oligotrophic waters. All three species of diatom tested, including both oceanic and coastal species, were either the most efficient or moderately efficient decomposers. Nonetheless, the number of species tested within each phylogenetic group was still too limited to define groupings along this line.
Effects of physical environmental conditions-salinity, temperature and light intensity
The decomposition of hydrogen peroxide by S. costatum was followed at salinities of 25, 30 and 35. The specific decomposition rate constant increased with increasing salinity (data not shown). The total increase in this salinity range was about a factor of four. The effects of temperature were followed in cultures of Synechococcus sp. and S. costatum between 5 and 33°C. The specific decomposition rate constant of Synechococcus sp. increased monotonically with increasing temperature (Fig. 5) . The relationship between the rate constant and temperature can be described by the following equation: where T is temperature in Kelvin (Fig. 6 ). The rate constant was approximately doubled for every increase of 10°C. The corresponding activation energy for the decomposition of hydrogen peroxide was 10.8 (± 1.5) kcal mol -1 . For S. costatum, the specific decomposition rate constant doubled from 5 to 13°C and then stayed about constant at the higher temperatures (Fig. 5) . Thus, both the magnitude and the pattern of these changes could vary from species to species.
The effects of light on the decomposition of hydrogen peroxide were tested in the cultures of S. costatum and D. tertiolecta. The specific decomposition rate constants were higher in the presence of light (Fig. 6) . The increase occurred primarily at low light intensities below 110 µE m -2 s -1 . At higher light intensities, the rate constants stayed approximately the same in D. tertiolecta and decreased slightly in S. costatum. These decomposition rate constants were minimum rates, since the photochemically induced production of hydrogen peroxide would have occurred simultaneously in the presence of light. As the production rate is directly proportional to light intensity (Wong and Wong, 2001) , its effect would have increased with increasing light intensity and led to the constant to even lower decomposition rates at the higher light intensities.
Effects of biological factor and chemical environmental condition-nutrient condition and growth phase
To test the effects of nutrient condition on the decomposition of hydrogen peroxide by Synechococcus sp., cells harvested at late log phase were first pre-conditioned in f/2, f/20 and f/100 media before they were inoculated into the final f/20 culture medium and incubated in the presence of added hydrogen peroxide. The specific decomposition rate constant increased about twofold when the nutrient concentrations decreased 10-fold from the f/2 level to the f/20 level (data not shown). There was no clear evidence of further increase in the rate constant as the nutrient concentrations were further decreased by a factor of five to the f/100 level.
Cells of Synechococcus sp. were harvested at the late log, the early senescent, the mid-senescent and the late senescent phases, as defined by the in vivo fluorescence of the culture, and then inoculated into an f/20 medium in the presence of added hydrogen peroxide. The time courses of change in the concentrations of hydrogen peroxide in these cultures were then followed, and the specific decomposition rate constants were estimated. The results are shown in Fig. 7 The in vivo fluorescence decreased gradually from the late log phase to the mid-senescent phase before it dropped off more abruptly from the mid-to the late senescent phase. The corresponding change in the specific decomposition rate constant, bouncing between 0.018 and 0.025 µg Chl-a -1 l h -1 , was relatively small. There was a suggestion that the decomposition rate constant was smaller in the late senescent phase, but the trend was not strong. Thus, the effect of the growth phase of the cells on the decomposition of hydrogen peroxide was small.
Conclusion
All five oceanic and four coastal species of marine phytoplankton tested could decompose hydrogen peroxide. The specific decomposition rate constants ranged from 10 -4 to 10 -2 µg Chl-a -1 l h -1 . Synechococcus sp. and S. costatum were the most efficient decomposers. Both oceanic and coastal species could be found among the most efficient, the moderately efficient and the least efficient decomposers. Thus, the decomposition of hydrogen peroxide is a widespread phenomenon in the oceans, and it is not confined to or preferred in either the oceanic or the coastal environment. The residence times of hydrogen peroxide in coastal waters estimated from these decomposition rate constants are consistent with those observed in the field. Increased salinity, temperature, the presence of light and the depletion of nutrients could all enhance the decomposition of hydrogen peroxide. The effect of growth phase was small. The magnitude and pattern of these changes were species-specific.
